The model of amorphization of crystals induced by ion irradiation is considered. The model describes two stages of the amorphization, the generation of primary defects by collision cascades and the collapse of crystalline regions, which begins when the concentration of the primary defects reaches about 10%. Due to the colapse of crystalline regions, the total defect concentration increases up to about 80% for rather small increment of the fluence Φ. The defect concentration and the integral stress were calculated theoretically for the silicon samples subjected to irradiation with light, average, and heavy mass ions. The integral stress was analysed as the sum S = S d + Sion, where the S d and Sion terms correspond to the stresses due to point defects and implanted ions, respectively. At low fluences, Φ < Φa (where Φa is the characteristic amorphization fluence), the term S d linearly depends on the fluence and essentially exceeds the stress due to implanted ions. The integral stress acquires a maximum value at Φ = Φa. At higher fluences, Φ > Φa, the term S d considerably decreases and the Sion term dominates the integral stress. In this Φ region, the stress saturates to the constant value, which is larger for the lighter ions and smaller for the heavier ones.
Introduction
Ion implantation is widely used for doping semiconductors and for their technological processing (see, e. g., [1] ). Various aspects of the ion-bombardmentinduced amorphization, strain, and stress are considered in literature [2] [3] [4] [5] [6] [7] . The stress and strain dependences on the irradiation fluence, the ion energy and mass, as well as the stress relaxation processes are the key problems considered. The stress in the crystalline silicon usually increases with the fluence of ion irradiation and the stress values up to 10 8 -10 9 Pa are achieved nearby the onset of amorphization. After an initial growth of stress in the ion-implanted layer, further irradiation is followed by the stress relaxation and a maximum in the stress versus fluence dependence is observed for many different ion-target combinations. With an increase of the ion mass the maximum usually shifts to the lower dose region [8, 9] .
The in-plane stress for thin samples depends on the biaxial strain. On the other hand, strain in the perpendicular direction is usually measured experimentally [10] [11] [12] and the Poisson relation is used [8] to determine the in-plane strain from the measured perpendicular strain values. It should be mentioned as well that the plastic flow of material can contribute to the in-plane strain when a crystal is saturated by radiation defects. The factors can affect the accuracy of strain determination, and to avoid the uncertainties a rigorous treatment of the in-plane stress is required.
In the present paper an algorithm for the defect concentration and the in-plane strain calculations is suggested which accounts for the amorphization and stress relaxation processes in ion-irradiated solids.
The effect of fluence on amorphization in ion-implanted crystalline samples
The ion-beam-induced amorphization can occur during bombardment with the light, average, and heavy mass ions. The ions accelerated up to the keV or MeV energy dispose a considerable amount of their energy to target atoms. The energy released results in the forma-tion of point defects (Frenkel pairs) and their clusters in the crystalline matrix.
The Rutherford backscattering channelling studies reveal two stages of defect formation scenario. The first stage corresponds to a low fluence Φ, which leads to accumulation of point defects in the crystalline matrix and to slow increase of the defect concentration with an increase of Φ [5, 13, 14] . In the second stage, which sets up when the fluence exceeds its definite critical value, the concentration of defects steeply increases from about 10% up to approximately 80% in the fairly narrow region of fluence [3, 15] . This indicates that the formation of defects in a predamaged matrix is more efficient than in a virgin crystal and suggests that the newly produced defects destabilize the crystal and cause the formation of expanding disordered zones. Such a process induces about eight times larger displacements as compared with those due to the direct collisions of incident ions with target atoms. The amorphization process can be related with a collapse of crystalline zones. The zones surrounded by expanding disordered clusters experience substantial compression and deformation of their lattices [3, [15] [16] [17] . The lattice compression can be related to shifts of an interface between the crystal and amorphous phases [4, 6] and can be followed by the thermal spikes [16, 17] .
To model the strained lattice we consider the displaced atoms and their initial node positions as the defect pairs. The "displaced atom plus vacancy node" defects are generated not only during the lattice collapse, but during recombination of Frenkel pairs as well. On the basis of the accelerated growth of damage observed, we suggest the phenomenological model of the damage build-up assuming that the generation rate of the stable defects is proportional to the concentration C of the existing ones,
Here F n is the number of irradiation-created defects per unit layer, n 0 is the particle density in a crystal, j is the ion flux, and α and β are phenomenological parameters. The first term in the right-hand side of Eq. (1) describes the generation rate in the cascades of elastic collisions, the second term describes the collapse of the crystalline zones, and the third one corresponds to the recombination of defects.
Equation (1) should be solved with the boundary conditions
which set up the following relation between parameters α and β:
The straightforward solution of Eq. (1) with account of Eqs. (2) and (3) yields the following formula for the defect concentration:
where C 0 ≡ F n j/(αn 0 ) and Φ 0 ≡ j/α.
Stress in ion-implanted crystals
Following the model of stress formation described in [18] [19] [20] [21] , we assume that the strain in the ion-implanted surface layer is due to the point defects, which correspond to the "displaced atom plus vacancy node" pairs. Let us denote the relative increment of the atomic volume due to the "vacancies" and displaced atoms as ∆Ω v /Ω and ∆Ω s /Ω, respectively, and the relative volume increment due to the implanted ions as ∆Ω ion /Ω.
Here Ω is the atomic volume of the considered crystal.
The point defects generated by ion irradiation induce the local expansion of the lattice. It should be noted that the expansion depends both on the concentration of the point defects C and on the concentration of implanted ions C ion . Therefore, the in-plane components of the strain tensor ε * 11 = ε * 22 = ε * in can be presented in the following form:
where
The concentration of implanted ions can be presented as C ion = F ion (x 3 )Φ/n h , where the F ion (x 3 ) function describes the ion distribution profile along x 3 axis, and n h is the interstitial cavity density. The planar stress σ 11 = σ 22 = σ in , which settles down in a sample, is determined by the BoltzmannVolterra's integral equation [22] The integral stress in the ion-implanted layer S = δ 0 σ in (x 3 ) dx 3 , where δ is the layer thickness, is convenient to present as a sum of two components, S = S d + S ion . Here S d is the integral stress due to the point defects and S ion is the stress due to implanted atoms. Taking into account the normalization condition δ 0 F ion (x 3 ) dx 3 = 1, the following formulas for the S d and S ion stress components can be derived from Eqs. (5) and (6):
Results and discussion
Let us calculate the concentration of defects in the crystalline silicon induced by irradiation with the light (He), average (Ne, Ar), and heavy (Xe) mass ions. We choose the parameters C 0 and Φ 0 (Table 1) of the problem such that the characteristic steep increase of the defect concentration C would correspond to the amorphization fluence Φ a , the experimental values of which are presented in [3, 23] . The results of calculations are presented in Fig. 1 . As seen, there are several regimes of the C versus Φ dependence. At the low fluence, Φ < 0.1Φ a , the defect concentration linearly increases with the fluence, following the law C = C 0 Φ/Φ 0 = F n Φ/n 0 , which can be derived as an asymptotical solution of Eq. (4). When the fluence enters the 0.1Φ a < Φ < Φ a range, the concentration of defects increases superlinearly, more rapidly, though the C values remain below 20% and indicate a preamorphous phase. At the Φ values close to the amorphization fluence, Φ ≈ Φ a , the concentration of defects steeply increases up to about 80% indicating the amorphization by a collapse of crystalline zones. The further increase of the fluence, Φ > Φ a , is followed by the slow increase of the concentration, described by the
The amorphization fluence depends on the mass of ions. In the case of heavy mass ions, each ion is believed to produce, via kinematic collisions, a localized densily defected region which is unstable and collapses to an amorphous zone. The average mass ions produce the lower defect density region, and successive impacts within the region are required to increase the local defect concentration until the collapse takes place. Therefore, the amorphization of a sample irradiated by the lighter ions occurs at higher Φ values. For example, the amorphization fluence Φ a ≈ 3·10 15 cm −2 for the Ne ion irradiation is about 70 times larger than that for Xe ions, Φ a ≈ 0.4·10 14 cm −2 . The light ions (He) create the smallest number of primary defects in the cascades of elastic collisions, and the He-induced Si amor-phization is not observed even at the rather high fluences of 10 16 cm −2 . Now let us consider the irradiation-induced stress in the Si(111) sample. To calculate the integer stress defined by Eqs. (7) and (8) , one needs to determine the relative volume increments due to the point defects and implanted atoms. The value of the first parameter can be taken from literature data [3, 24] , ∆Ω d /Ω = 0.02, while for evaluation of the second one the following formula [25] can be used:
Here r ion and r h are the ion and interstitial vacancy radii, respectively.
The following values of parameters were used in calculations: r ion [27] , n 0 = 5·10 28 m −3 , and n h = 3.75·10 28 m −3 . The range of implanted ions was calculated by the TRIM 91 algorithm [28] .
The dependence of the integral stress on the fluence is presented in Fig. 2 . At the low fluence, Φ ≪ Φ a , the stress is determined primarily by the defects created in collision cascades, S d ≫ S ion , and the linear dependence S = AΦ is observed, where the coefficient A is determined by the expression
As seen from Fig. 2 , the stress increases with an increase of the ion mass in the region of low fluences. The effect is due to the energy loss features and affects the stress via the density of defects F n . The stress acquires the maximum value at Φ = Φ a , i. e. when the sample amorphizes. Above the amorphization fluence, at Φ > Φ a , the stress noticeably relaxes, as clearly seen from Fig. 2 . The relaxation is determined by the viscosity of a sample and by the density of radiation defects. The function F n , which represents the density of radiation defects, acquires the highest values for the heavy ions and the peak in the stress versus fluence dependence occurs at lower fluences as compared to S = S(Φ) dependences of the average-mass and the light atoms (Ar and Ne). The defect density induced by the He irradiation is rather low and the stress does not reach maximum even at the fluences of ∼10 16 cm −2 . At the high fluences, exceeding the characteristic relaxation fluence, Φ > Φ r , the stress S d , which is due to point defects, essentially decreases and the stress S ion due to implanted ions dominates the integral stress. The stress S ion depends on the relative increment of the atomic volume ∆Ω ion /Ω and on the characteristic fluence of relaxation Φ r . Though one can expect that the heavier ions should induce the higher stress, the parameter Φ r for lighter ions is larger (see Table 1 ). Therefore, in the region of high fluences, the integral stress induced by irradation with the light mass ions exceeds that induced by the heavy ones. An exception is He -the stress due to implanted He ions is not significant, because the ion radius of He is rather close to the radius of an interstitial cavity.
In summary, we conclude that the proposed theoretical model correctly describes the main features of the amorphization and the integral stress in ion-irradiated crystals, and the calculated dependences of the defect concentration and integral stress on the ion fluence nicely fits the experimental data recorded for the ionimplanted silicon samples.
